Abstract In order to find out the most suitable and accurate pointing methods to study the sound localizability of persons with visual impairment, we compared the accuracy of three different pointing methods for indicating the direction of sound sources in a semi-anechoic dark room. Six subjects with visual impairment (two totally blind and four with low vision) participated in this experiment. The three pointing methods employed were (1) directing the face, (2) directing the body trunk on a revolving chair and (3) indicating a tactile cue placed horizontally in front of the subject. Seven sound emitters were arranged in a semicircle 2.0 m from the subject, 0°to Ϯ80°of the subject's midline, at a height of 1.2 m. The accuracy of the pointing methods was evaluated by measuring the deviation between the angle of the target sound source and that of the subject's response. The result was that all methods indicated that as the angle of the sound source increased from midline, the accuracy decreased. The deviations recorded toward the left and the right of midline were symmetrical. In the whole frontal area (Ϫ80°to ϩ80°from midline), both the tactile cue and the body trunk methods were more accurate than the face-pointing method. There was no significant difference in the center (Ϫ40°to ϩ40°from midline). In the periphery (Ϫ80°and ϩ80°), the tactile cue pointing method was the most accurate of all and the body trunk method was the next best. These results suggest that the most suitable pointing methods to study the sound localizability of the frontal azimuth for subjects who are visually impaired are the tactile cue and the body trunk methods because of their higher accuracy in the periphery.
Introduction
Persons with vision impairment need to obtain information about their orientation by using their remaining modalities, such as auditory and tactile sensations, in order to compensate for their lack of vision (Welsh and Blasch, 1987) . In independent travel, persons with vision impairment rely heavily on the auditory system, which is more useful than the tactile sense to understand environmental information from a far site as well as a near site. Moreover, in their everyday life, audition plays an important alternative role to vision. Therefore, it has been thought that people with vision impairment may have auditory abilities that are superior to those of sighted people. Indeed, there are several reports of their superior auditory abilities, such as objective perception (Cotzin and Dallenbach, 1950) , sound localization (Lessard et al., 1998) , pitch discrimination (Ashmead et al., 1998) , and so on. Although the sound localizability of people with vision impairment, one of the main features of auditory function, has been extensively investigated, it is still controversial (Wanet and Veraart, 1985; Lessard et al., 1998; Röder et al., 1999; Zwiers et al., 2001) .
One of the possible causes of this discrepancy may be the differences in the pointing method by which the subject indicated the direction of a target sound source. A number of different pointing methods have been used in previous studies. One method is to use body parts such as the face (Makous and Middlebrooks, 1990; Zwiers et al., 2001; Lewald, 2002; Nakamura et al., 2003) , or fingers (Wanet and Veraart, 1985; Haber et al., 1993; Lessard et al., 1998) . The other method is to use a variety of external instruments (Hollins and Kelley, 1988; Barber and Lederman, 1988; Haber et al., 1993) . Since the measurement of sound localizability usually covers a rather wide field, the method should be precise over the measuring field. Zwiers et al. (2001) carried out an experiment using the face, but they showed accuracy only in a narrow frontal area. Haber et al. (1993) In the present study, in order to find out the most suitable and accurate pointing methods to study sound localizability in the frontal azimuth of persons with vision impairment, we compared the accuracy of three pointing methods, i.e., the face-pointing method and two other methods which we developed ourselves. One of these methods is to use the body trunk with a revolving chair (Tauchi et al., 1998) and the other is to use a tactile protractor. The results indicated that two pointing methods, the tactile cue method and the body trunk method, are more suitable than the face-pointing method to measure the sound localizability of the frontal azimuth in people with vision impairment since both of them showed a higher accuracy in the peripheral area.
Methods

Subjects
Six subjects with vision impairment (five males and one female, meanϮSDϭ38.0Ϯ10.1 years) participated in this experiment. The purpose and procedure of the experiment were explained to all subjects and informed consent was obtained. Some characteristics of the subjects are shown in Table 1 . All subjects had normal hearing abilities.
Experimental room
The experiment was carried out in a semi-anechoic dark room (8.3 m (L)ϫ6.4 m (W)ϫ3.0 m (H)). To suppress sound reflection, acoustic absorbent mattresses (UNX2, SONEX) were placed on the floor of the room and hung from the ceiling to enclose the space where speakers and the subjects were located.
Acoustic devices
Seven audio speakers (FF85K, Fostex) were arranged in a semicircle 2.0 m from the subject, 0°to Ϯ80°of the subject's midline, at a height of 1.2 m. These speakers were positioned at Ϫ80°, Ϫ40°, Ϫ20°, 0°, ϩ20°, ϩ40°and ϩ80°with respect to the subject's median (see Fig. 1 ). Plus and minus signs correspond to right-and left-hand side from the median of the subject, respectively.
A sound pulse (1.0 kHz, 200 ms duration, 62 dB(A)) was generated from a PC by using software (SpectraFoo Signal Generator, Metric Halo) and was emitted through an audio interface (Audio 828mkII, MOTU) and a power amplifier (P2080, YAMAHA) regulated by software (Digital Performer 4.5, MOTU). The experimental setup was basically the same as described before .
Setup of pointing devices
For the face-pointing method, the subjects took a seat on a fixed chair and put on a cap with a magnetic receiver of a 3D digitizer system (ISOTRAK II, Polhemus). The subjects were asked to direct their face to the perceived sound source by moving their head (Makous and Middlebrooks, 1990; Nakamura et al., 2003) . The responses were recorded on a PC (PC-9821 Ap2, NEC) and the measured values were rounded to the nearest values at an interval of 5°.
For the body trunk method, the subjects were seated on a revolving chair with a laser-pointer on the backrest. The laserpointer illuminated the protractor spread on the floor. The protractor was scaled at every 5°. The center of the protractor was adjusted to the center of the chair which roughly corresponded to the subject's head. The subjects were asked to direct the body by rotating the chair with short movements. The measured values were rounded to the nearest values at an interval of 5°.
For the tactile cue method, the subjects were seated on a chair fixed on the floor, and a half-round protractor of 0.65 m 382
Poining Methods for Sound Localization Fig. 1 The position and the angle of speakers vis-à-vis the experimental subject. Seven audio speakers (FF85K, Fostex) were arranged in a semicircle 2.0 m from the subject, 0°to Ϯ80°of the subject's midline, at a height of 1.2 m. These speakers were positioned at Ϫ80°, Ϫ40°, Ϫ20°, 0°, ϩ20°, ϩ40°and ϩ80°with respect to the subject's median.
in radius was placed horizontally in front of the subject at the height of 0.77 m. The central region of the protractor of 0.31 m in radius was cut out to make space for the subjects. The center of the protractor was adjusted to correspond to the body axis, the perpendicular line through the vertex, of the subjects. Resinous tactile cues 0.25 m in length and 1.5 mm in diameter were placed at every 5°along the scale of the protractor. The subjects were allowed to explore the protractor freely by using both hands and selected a single tactile cue to indicate the direction of the sound source.
Procedure
The low vision subjects were blindfolded. After the instruction, the subjects were guided into the experimental room, and then seated on the prepared chair placed opposite to the speaker (0°). For each trial, two same-sound pulses were presented from a speaker with an inter-stimulus interval of 800 ms and then the subjects were asked to respond. The response time differed depending on the pointing methods and distributed from 2.4 to 5.8 sec when measured in preliminary trials. Time limitation was not set for this response.
For each pointing method, four trials for each speaker position were conducted. The subjects practiced until they understood how to respond to the tasks. Short pauses were inserted from time to time to lessen the fatigue of the subjects during the course of the trials.
Data analysis
The deviation was defined as the difference in angle between the direction of the target sound source and that of the subject's response. Data was expressed as meanϮSD. Multiple pairwise comparisons were made by using the Holm-Shaffer sequential Bonferroni procedure (Shaffer, 1986) .
Evaluation
The accuracy of each pointing method was evaluated by the absolute value of the deviation in three areas, i.e., the whole frontal area (Ϫ80°to ϩ80°from midline), the center (Ϫ40°to ϩ40°from midline) and the periphery (Ϫ80°and ϩ80°). Figure 2 shows the average deviation of the pointing directions by the six vision impaired subjects from the actual sound source locations. Figure 2 (A) is the result obtained by the face-pointing method, (B) by the body trunk method, and (C) by the tactile cue method. Positive and negative values of the deviation indicate overestimation and underestimation to the angle of the sound sources, respectively. At 0°, i.e., straight-ahead, the negative value indicates a deviation to the left from the center position and the positive value to the right. As a whole, the deviations observed on the left-and right-hand sides of the subject were symmetrical and the maximum underestimation seemed to occur in the periphery in all three pointing methods. Figure 2(A) , there was some overestimation as well as underestimation by the face-pointing method at the center between Ϫ40°and ϩ40°, and the degree of underestimation significantly increased in the periphery, Ϫ80°a nd ϩ80°, compared to the center (pϽ0.05). The average deviation for the whole frontal area was Ϫ7.3°. In the case of the body trunk method shown in Figure 2 (B), a slight deviation was observed in a limited location, ϩ40°, in the center area. A tendency of underestimation was also observed in the Fig. 2 Comparison of the deviation angle between three pointing methods (A: face, B: body trunk, C: tactile cue). Positive and negative value of the deviation, except for 0°(straight-ahead), mean overestimation and underestimation to the target sound source, respectively. Each plot is mean value (ϮSD) obtained from six subjects. The average response time was the shortest in the facepointing method and the longest in the tactile cue method.
Results
As is shown in
periphery, as was seen in the face-pointing method, but the degree of the deviation was less than that of the face-pointing method. The underestimation observed at Ϫ80°(the left side) in the body trunk method seemed to contribute to the difference between these two methods. The average deviation for the whole frontal area in this method was Ϫ5.7°and was smaller than that of the face-pointing method. Performance of the method using the tactile cue on the horizontally placed protractor, however, showed a prominently different tendency from that of the face-pointing method and the body trunk method (Fig. 2(C) ). The deviation in the periphery maintained nearly the same level as observed in the center, though a slight underestimation was observed. The average deviation for the whole frontal area was ϩ0.5°and was the smallest of all three methods.
The absolute values of the deviation were taken from each subject and their average values were compared for each of three different areas, such as the whole frontal area, the center and the periphery (Fig. 3) . When the average values in the whole frontal area were statistically compared to each other, the deviations of both the body trunk method and the tactile cue method were significantly smaller than that of the facepointing method (pϽ0.05). In the center, the values of the deviation were the smallest between three areas for all three pointing methods. They were slightly larger than 5°and the value of the body trunk method was less than that of the other two methods, although no significant difference was observed between them. In the periphery, on the other hand, the values were the largest between three areas and were double to triple those in the center. The tactile cue method showed a significantly smaller deviation than the other two methods (pϽ0.05). The value of the deviation of the body trunk method was significantly smaller than the face method (pϽ0.05).
Discussion
The present study was carried out in order to find out the most suitable and accurate pointing methods to study sound localizability of persons with vision impairment by comparing three different pointing methods which are the widely-used face-pointing method, the body trunk method (Tauchi et al., 1998) , and the tactile cue method developed for this study.
The tactile cue method was the most accurate of all in the periphery (Fig. 3) . All three methods employed in this study have reference points on the perpendicular line through the vertex of the subject's head so that the accuracy of their response should be the same in this regard. The difference in accuracy observed between them especially in the periphery may be due to the difference in moving or not moving the subject's head during trials. Only in the tactile cue method did the head of the subjects stay still so that the responses in this method could be stable. The deviation seen at the left side (Ϫ80°) in the periphery by the body trunk method was smaller than that obtained by the face-pointing method. This might have something to do with the handedness of the subjects. The face-pointing method was found to be the least accurate of the three methods, especially in the peripheral area of the frontal azimuth. This is probably due to a physical restriction in moving the neck sideways.
The pointing methods using body parts such as the face or fingers have been widely used in previous studies (Wanet and Veraart, 1985; Makous and Middlebrooks, 1990; Haber et al., 1993; Lessard et al., 1998; Zwiers et al., 2001; Lewald, 2002; Nakamura et al., 2003) . These methods seem to have common problems since physical restriction in rotating the head or shoulder or elbow joint may have something to do with the accuracy of pointing. The two methods that we introduced in the present study realized rather linear and small body movement compared to the methods using the face or fingers. This is clearly seen in Figure 3 , in which the body trunk and the tactile cue method are shown to be more accurate than the face-pointing method in the periphery.
Other pointing methods using external instruments such as a dial or a small protractor have been also used (Hollins and Kelley, 1988; Barber and Lederman, 1988; Haber et al., 1993) . In those methods, however, the centers of the instruments had not coincided with the center of the subjects' heads, so that the subjects had to make adjustment to relate to each of them. On the other hand, the centers of our tools such as the rotating chair and the protractor coincide with the center of the subjects' heads. The absolute values of the deviation in our methods were smaller than those of previous instrumental methods (Haber et al., 1993) .
In conclusion, it seems suitable to use our two methods to evaluate sound localizability over the measuring field in the frontal azimuth. Although the face-pointing method showed an accuracy that is comparable to our two methods in the central area, it appeared to be inferior for measurements in the peripheral area. It will be extremely interesting to investigate the comparison of sound localizability between vision impaired and sighted persons using these three pointing methods.
